. Sequence alignments of rA3G-CD1 (with mutated loop-8) with hA3G-CD1 and other A3s. Numbering of the sequences and depiction of secondary structural elements are based on rA3G-CD1 and are shown above the sequences. Yellow highlighted residues are critically involved in dimerization of rA3G-CD1 and are conserved in CD1 of hA3G and other double-domain A3s. Red highlighted and blue boxed residues are completely or partially conserved across all A3s respectively. The orange highlighted residues (DPD) were previously shown to be important for Vif-mediated degradation of A3G. Blue highlight indicates the residues that are involved in the direct interactions with poly-dT or conformational changes in rA3G-CD1 upon ssDNA binding, which are also conserved in other A3s. Black underline (mutated loop-8 residues) shows the mutations that were made on the loop-8 of rA3G-CD1, which further improved the solubility of rA3G-CD1 protein. Red stars indicate SWSPC on loop-5 that is one of the signature sequence motifs of APOBECs. The sequence alignment graphic was generated by ESPript.
. Characterization and crystal structure of rA3G-CD1. (a) Multi-angle light scattering (MALS) for rA3G-CD1 (dimer, top panel) and rA3G-CD1 FWKL mutant (monomer, bottom panel). (b) Structure of rA3G-CD1, showing the location of the loop-8 mutation at the end of the helix α 4 (red), which is distal from the regions involved in ssDNA binding (orange) and dimerization interface (magenta). (c) Superimposition of two apo structures of rA3G-CD1 from two different crystal forms, showing essentially the same structures (including the loops) despite of different crystal packings and different crystallization conditions. Green, CD1-1 (2.0 Å); orange, CD1-2 (2.9 Å). Supplementary Fig. 3 . Electrophoresis mobility shift assays (EMSA) of rA3G-CD1, rA3G-CD1 FWKL monomer mutant, and hA3G-CD2 E259Q inactive mutant with various lengths of ssDNA/RNAs, showing the difference in their ability to bind nucleic acids (also see Supplementary Fig. 7 for ITC results). For the gel shift assay with 10 nt poly-dT, the DNA fluorescence signal at the free DNA band position becomes weaker with increasing protein concentration, probably because the highly positively charged rA3G-CD1 in complex with the shorter 10 nt poly-dT may still carry a net positive charge, and thus, may migrate towards the opposite direction and out of the loading wells. Supplementary Fig. 4 . Comparison of the structures of rA3G-CD1 (green), A3G-sNTD (2MZZ, yellow) and other A3s (PDB id: 3IQS/3IR2, 3VOW, 4J4J/4IOU, 5CQH, 4XXO, white). (a) The structural superimposition shows that α 2, α 3, α 4 of rA3G-CD1 (green) are aligned well with other A3s (A3A, A3C, A3G-CD2, A3B-CD2, A3F-CD2, left three panels), but not with A3G-sNTD (the right panel). (b) The electron density map of rA3G-CD1 structure around the Zn-center (2Fo-Fc, contoured at 1 ), which are well defined for all residues around the Zn-center. (c) The Zn-center conformation aligned very well between rA3G-CD1 and other A3s (A3A, A3C, A3G-CD2, A3B-CD2, A3F-CD2). (d) The three side-byside structures show that the α 2 of rA3G-CD1 is very similar to hA3G-CD2 but different from A3G-sNTD. (e) The hydrophobic core structure of α 2-loop3-β 2 is conserved among Z2 structures including rA3G-CD1, A3C and A3Fc-CD2, but not A3G-sNTD. Conserved hydrophobic residues are labeled and shown in sticks. Related loop-3 (panel d) and α 2 (panel e) mutations in A3G-sNTD and their equivalent residues in rA3G-CD1 are also shown in sticks. Here, the L62D mutation in A3G-sNTD may interact with R69 that is exclusively conserved in all CD1s but not in CD2 (panel d). The W73L and F74V mutations in A3G-sNTD appear to alter the core folding of α 2-loop3-β 2. d, e, f, g, h) Crystal structures of A3G-CD2 (3IQS), A3A (4XXO), A3C (3VOW), A3Fc-CD2 (4J4J) and A3B-CD2 (5CQH) all show much less positively charged surface compared with rA3G-CD1 and hA3G-CD1. The scale of electrostatic potential for all structures is from -10 kT/e (red) to 10 kT/e (blue), which is the same as in Fig. 2e.   Supplementary Fig. 6 . The structure of rA3G-CD1 bound to poly-dT ssDNA. (a) Left panel: two views of the electron density maps for the dT inserted into the Zn-center pocket and the surrounding amino acids residues. Right panel: a stereo-image to show the electron density covering the three nucleotide residues at the Zn-center, with one complete dT residue inserted deep into the Zn-center pocket, the phosphate backbone and a sugar moiety for the residue on the 5' end, and the phosphate backbone for the residue on the 3' end. Density maps are 2Fo-Fc contoured at 1.0  level. (b) Conformational changes around the Zncenter pocket upon ssDNA binding. The amino acids (F21, R24, W34, R122) in addition to those shown in Figure 3 , together with loops 1, 3, 5, 7 (LP1, LP3, LP5, LP7), show conformational changes upon binding to poly-dT. (c) A different view shows the conformational β 1 and β 2 shift about 25 degrees upon binding to ssDNA. (d) A3B-CD2 in complex with a free nucleotide dCMP (5CQH) bound outside the Zn-center. (e) rA3G-CD1 in complex with poly-dT ssDNA, with three nucleotides bound at the Zncenter. The 5' and 3' ends for the three nucleotides of the poly-dT bound to rA3G-CD1 are indicated. Supplementary Fig. 7 . Isothermal titration calorimetry (ITC) assays for the binding of rA3G-CD1 and its mutants with 10 nt poly-dT (a-c), 10 nt RNA (d-f), 30 nt RNA (g, h), 30 nt ssDNA (i, j), and 50 nt ssDNA (k, l). The ITC data shows that rA3G-CD1 binds to 10 nt ssDNA and RNA, and the FWKL and Y124A mutants had no detectable binding to these oligonucleotides (panels a-f). rA3G-CD1 and the FWKL mutant also showed distinct binding ability to longer oligonucleotides (30 nt and 50 nt). Top parts of each panel show the raw ITC data on heats of binding when oligonucleotides were mixed with the indicated proteins. Bottom parts of each panel show normalized heat of binding based on the ratio of protein and oligonucleotides concentrations. The binding of rA3G-CD1 with 10 nt poly-dT and 10 nt RNA can be fitted into one set of sites binding model and the resulting Kd and entropy were calculated and shown in Supplementary Table 2. The binding of 30 nt or longer oligonucleotides cannot be fitted into typical binding models (g-l), possibly due to multiple sites of binding on longer ssDNA or protein.
All results were representatives from independent repeated experiments.
